Abstract-This paper investigates the performance of various control schemes for level control of a coupled tank process. The nonlinear dynamic model of the system was derived using the analytical and empirical approaches. To investigate the performance of the controllers, proportional plus integral control, proportional plus integral plus feedforward control and internal model control (IMC) have been proposed. The PI gains were determined using pole placement, Ciancone correlation, and Cohen-Coon tuning techniques. Time response specification and mean absolute error (MAE) are used to assess the level control performance of the designed controllers. Comparative MATLAB simulation assessments have shown that IMC with the least MAE value and fastest settling time has the best tracking performance as compared to other controllers.
I. INTRODUCTION
Iquid level control is an integral aspect of many industrial processes. Some of the notable areas where the level control is essential include petrochemical industries, power generation, water treatment plants and food processing among others. A typical level control can be seen in a storage tank, where the desired level of water or other products is controlled at a specific set point. The liquids are processed by mixing or chemical treatment in the tanks. In many cases, the tanks are often coupled together such that an interaction between the levels and flows exist. In addition, various sensors exist for measuring these levels such as capacitive type sensor, float sensor and differential pressure sensor [1] [2] . For safety, cost implication and other issues, simulation of the open loop and closed loop response is designed and analyzed before implementing on the real system. However, a reliable model which represents the system behavior must be derived using either the analytical approach or the empirical method before conducting the simulation. Depending on the system, empirical approach is employed where the system is difficult to model. Though, some dynamics of the system are ignored using this approach [3] [4] . Interestingly, many researchers have employed different control schemes, mainly feedback techniques for level control of a nonlinear coupled tanks system. These includes comparative study of various tuning methods [5] [6] and PI controller [3] [4] . However, due to its highly nonlinear behavior, single feedback control is not sufficient to achieve good performance. Hence, modified or advanced control techniques have been introduced such as hybrid genetic-immune PI tuning [1] , sliding mode control [2] , nonlinear backstepping control [7] , feedforward plus sliding mode control [8] , internal model control [9] etc. In this paper, a comparison for pole placement, Cohen Coon and Ciancone based proportional plus integral (PI) control, PI-plusfeedforward control and internal model control (IMC) is presented. A coupled tank system is considered. The nonlinear dynamic model of the coupled tanks is derived using analytical and empirical approaches. The designed controllers were simulated in the MATLAB environment. The performances of the designed controllers are investigated in time domain based on the mean absolute error and time response specifications. These results will provide useful information for the selection of appropriate control strategy for efficient control of liquid level. The paper is organized into seven sections. These are: 1) Abstract 2) Introduction 3) Description of the coupled-tank system 4) Mathematical modeling of the coupled-tank 5) Design of controllers 6) Implementation and discussions of results 7) Conclusions. www.ijsrp.org
II. THE COUPLED TANK SYSTEM
A lab scale coupled tank is one of the commonly used systems for control research and education at various institutions. Fig. 1 shows the schematic diagram of the coupled tanks considered for this study. As shown, it consists of a two-tank module with a pump connected to a water basin. The two tanks are configured such that the upper tank (tank 1) flows through an orifice outlet located at the bottom of the tank into the lower tank (tank 2). The outflow of the lower tank flows into the main water reservoir. The pump thrusts water upwards to the orifice "out1" before entering tank 
III. MODELING OF THE COUPLED TANKS
In this section, the modeling of the coupled tanks is presented using analytical and empirical methods. The pump voltage and the level in tank 2 are the input and output of the system respectively. The main target is to maintain the level of tank 2 at a particular set point. The nonlinear model of the coupled tanks is expressed based on the defined parameters of section II.
A. The Analytical Model
By using the mass balanced law, the rate of change of the level in each tank can be obtained. The inflow to tank 1 can be expressed in Eq. 1 and by applying Bernouli's law for flow through the orifice at the bottom of tank 1, the outflow rate is given in Eq. 2.
Similarly, the inflow flow to tank 2 is the same as the outflow from tank 1 as given in Eq. 3. Therefore, the dynamic model for the coupled tanks can be written in Eq. 4 and Eq. 5. www.ijsrp.org
where the cross-sectional area of tank 1 and its outlet hole (similar representation as tank 2) are given as in Eq. 6.
Due to the square roots function of L 1 and L 2 of Eq. 4 and 5, the two first order equations are nonlinear. In order to design a linear controller, the equations should be linearized about an operating point. A Taylor's series approximation is utilized for the linearization as in Eq. 7. The approximate square root of L1 about an operating point (L 10 ) of tank 1 and L 20 for tank 2 can be obtained as in Eq. 8. Thus, the nonlinear models of Eq. 4 an 5 can be linearized into Eq. 9 and Eq. 10. 
Since the parameters of tank 1 and tank 2 are the same, L 10 = L 20 . In this study, the operating level is assumed to be 15 cm. To determine the steady state pump voltage (V pss ) that yields a steady state level (L10) in tank 1, the left-hand side of Eq. (9) is set to zero as obtained in Eq. 12. 
The state space representation for the system and the transfer function of tank 1 and tank 2 of the system with respect to the input voltage using the system parameters can be respectively obtained Eq. 13 and Eq. 14.
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B. The Empirical model To obtain the dynamic model using the empirical approach, a steady state pump voltage is applied to the nonlinear dynamic models represented in Fig. 2 . The output response of level in tank 2 is monitored. Note that before applying the empirical analysis, the following steps should be followed. 1) The process must be at steady state initially, 2) A step change is applied to the process as an input set point, 3) Finally, the process must attain a steady state for the applied set point input. The empirical model is generally represented as first order system expressed in Eq. 15, where τ is the time constant, θ is the dead time and K p is the process gain represented in Eq. 16. www.ijsrp.org 
where ∆L 2 is the change of output level in tank 2, ∆V p is the change of input voltage, t 63% and t 28% are the time taken by the response to reach 63% and 28% of the final settled value respectively. By using the output response of the tanks, the parameters of Eq. 16 can be obtained ang hence, Eq. 15 can express as the empirical model of the coupled tanks as in Eq. 17. 
IV. CONTROL DESIGN In this section, various control strategies are presented. These include pole placement based proportional plus integral (PI) control, PIplus-feedforward control and internal IMC control. To design a control scheme, the system must be controllable. To check for the controllability of the system, the determinant of the controllability matrix (G c ) must be nonsingular [10] . Thus, using Eq. 13, the controllability can be obtained as in Eq. 18.
[ ] 0.2127 0.0139 0 0 0.0139
Therefore, the system is controllable and the proposed controllers can be designed. To simplify the control design, a constant flow is assumed from tank 1, thus, the steady state level of tank 1 is considered as the set point to tank 2.
A. Pole placement-based PI controller
The PID control families are most widely used control techniques in the industries due to their design simplicity and applicability to many processes. The proportional gain increases the system responses and improved the closed loop stability. However, it leaves a trace of an offset error and large proportional gain lead to instability of the system. The integral gain clears the steady state offset but larger integral time delayed the settling time of the process. In the presence of overshoots, the derivative gain is added to control. Though, it amplifies noise for noisy systems. Therefore, appropriate selection of the control depends on the system dynamics. For any of the PID controls, the error value is calculated by taking the difference between the set-point and the measured controlled variable. The control tries to make the as close to zero as possible. To design pole placement control for tank 2, certain design specifications must be outline. In this work, percentage overshoot (PO) of 10% and settling time (ts) of 20 s are considered. Consider a standard feedback characteristics equation with negligible sensor and valve dynamics given in Eq. 19, where G p (s) is the plant transfer function and G c (s) is controller given in Eq. 20.
where K c is the proportional gain and K i is the integral gain. Thus, substituting for Eq. 14 and Eq. 20 in Eq. 19 yields the characteristics equation in Eq. 21. www.ijsrp.org
(1 )
In addition, consider the standard second order characteristic equation given in Eq. 22, where ζ is the damping ratio and ω n is the natural frequency of the plant as in / 
C. Ciancone correlation-based PI controller Ciancone based tuning is also an empirical method and it is applied to processes with dead time using the Ciancone correlation graph. The aforementioned steps for the empirical model analysis are also followed for this tuning as well. By using the parameters of Eq. 17, the fraction dead time is obtained as in Eq. 27 and by tracing the value of Eq. 27 on the Ciancone correlation graph yields the PI control gains as in Eq. 28.
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D. PI plus Feedforward control Feedback plus feedforward technique is one of the advance control schemes commonly used in the process industries. This scheme significantly improves the performance of a process in the presence of a measured disturbance. The feedback control takes care of the measured variable with respect to the set point while the feedforward eliminates the effect of external disturbance to the process. In this study, the out flow from tank 1 is considered as the disturbance to tank 2. Thus, the feedforward control can be obtained by solving tank 2 nonlinear model of Eq. 10 at static equilibrium. Hence, the feedforward control gain can be obtained as in Eq. 29. ISSN 2250-3153 http://dx.doi.org/10.29322/IJSRP.8.8.2018.p80103
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E. Internal Model Controller (IMC)
The main idea of IMC scheme is to obtain a good closed loop response from the open loop dynamic model. The internal model law states that acceptable control can be achieved if and only if the closed loop control encapsulates some dynamics of the process. Thus, the controller depends on the accuracy of the derived model, because the controller would have the inverse dynamics of the plant in order to perfectly track the reference input [12] . Fig. 3 shows the general block diagram of an IMC scheme. The IMC design is in two phases. First, the process model (G m ) is factored into the invertible part (G m-) and the non-invertible part (G m+ ). The G m+ contains the time delays and the right half plane zeros. The controller (G c ) is given in Eq. 29, where G f is a low pass filter with the general form shown in Eq. 30 for N represents the order of the model in order to get a perfect poles zero cancellation, τ c is the controller time constant which is the critical design parameter of IMC scheme. Depending upon the system, the filter time constant can have the value of the dead time of the system. After block reduction technique, the closed loop controller (G cc ) can be expressed in Eq. 31 with negligible valve dynamics (G v ≈ 0).
By applying Pade approximation of the dead time, Eq. 17 can express in terms of PID control gains known as IMC-PID based tuning as shown in Table II . 
V. IMPLEMENTATION OF RESULTS AND DISCUSSIONS
In this section, MATLAB simulation analysis of the results from the designed controllers on a coupled tank process is presented. A reference level starting from zero position to settle at 15 cm and then decrease to 10 cm is used as the tracking indices for the controllers. Fig. 4(a) shows the comparison of the nonlinear model, empirical and linearized model subjected to an input voltage. It can be observed that the empirical model represents the system more closely. Fig. 4(b) shows the set-point tracking performance for ISSN 2250-3153 http://dx.doi.org/10.29322/IJSRP.8.8.2018.p80103
www.ijsrp.org the PI controller tuned using pole placement, Ciancone correlation and Cohen-Coon methods. It can be seen that Cohen-Coon correlation gives the best performance in terms of least maximum overshoot and fast settling time while Pole placement demonstrated faster response and settling time but with higher overshoot. However, Ciancone has the poorest performance in terms of response time. In addition, comparing the best feedback control with the PI plus feedforward based on Cohen-Coon shows that adding the feedforward action improves the tracking performance of the of the single PI control as shown in Fig. 5(a) . Also, Fig. 6(b) shows the comparison of IMC-PI based on the PI plus feedforward control schemes. The summary of the time response specifications and MAE values for all the controllers are shown in Table III . The smaller the MAE value, the better the controller, it is noted that IMC as the advance technique gives the best tacking performance as compared to the remaining designed controllers. 
VI. CONCLUSION
Investigations into level control techniques for a coupled tank process using the PI controller, PI plus feedforward and IMC scheme have been presented. The nonlinear dynamic model of the system was derived using the analytical and empirical approaches. Simulations of the dynamic model of a coupled tank have been performed to study the effectiveness of the controllers. The results of the proposed controllers showed a significant tracking performance using all the controllers. The performances of the controllers demonstrated that IMC scheme provides the best level tracking followed by PI plus feedforward control as compared to the single PI controller.
